The genetic and phenotypic characterization of a new tomato ( Solanum lycopersicum ) insertional mutant, Arlequin ( Alq ) is reported. Alq mutant plants were affected in reproductive development and their sepals were homeotically converted into fl eshy fruit-like organs. Molecular analysis demonstrated that a single copy of T-DNA was present in the mutant genome while genetic analysis confi rmed that the mutant phenotype co-segregated with the T-DNA insertion and was inherited as a monogenic semi-dominant trait. The histological and scanning electron microscope analyses revealed cell identity changes in both external and internal tissues of Alq sepals. Flowers developed by Alq homozygous plants showed a severe mutant phenotype, since after fruit set, not only did the sepals become succulent but they also followed a ripening pattern similar to that of normal fruits. From a metabolic viewpoint, Alq sepals also behaved like a fruit, as they acquired the properties of a sink that acted alternatively and independently to the fruit. In fact, expression of regulatory genes controlling tomato fruit ripening was detected in Alq sepals at similar levels to those observed in mature fruits. Furthermore, the Alq mutation inhibited the development of the abscission zone in tomato fl owers indicating that the JOINTLESS gene is regulated by ALQ . Results from the genetic and developmental characterization of the Alq tomato mutant suggest that the ALQ gene participates in the regulatory pathway controlling fruit ripening of tomato.
Introduction
The tomato has become a model species for the study of developmental processes, particularly those related to fruit formation and ripening ( Giovannoni 2004 , Carrari et al. 2007 , Giovannoni 2007 , Seymour and Manning 2007 . In this species, upon fertilization, the carpels undergo a series of developmental changes that involve cell differentiation, division and cell expansion allowing the fruit to reach its fi nal size. Then metabolic changes related to the establishment and maintenance of a sink (e.g. accumulation of sugars, organic acids and other compounds) and the activity of enzymes involved in ethylene production, carotenoid accumulation and fruit softening lead to fruit ripening ( Gillaspy et al. 1993 , Genard et al. 2007 ). These physiological changes affect not only morphological features but also texture, fl avor, taste and aroma of the fruit.
The studies carried out so far indicate that genes involved in reproductive development and tomato fruit ripening code for a wide range of gene products, mainly transcription factors of the MADS-box ( Busi et al. 2003 , Irish 2003 , Jack 2004 , De Bodt et al. 2006 , Hileman et al. 2006 , Leseberg et al. 2008 , SBP-box ( Manning et al. 2006 ) and YABBY-like ( Cong et al. 2008 ) families. They are able to interact with other regulators, such as endogenous signals (e.g. hormones) and environmental factors, ensuring the reproductive process takes place coordinately in space and time. Research carried out with the model species Arabidopsis thaliana has enabled the identifi cation of several regulatory genes involved in fl ower and fruit development ( Alvarez-Buylla et al. 2000 , Pinyopich et al. 2003 , Seymour and Manning 2007 . Despite the progress made in this model plant, recent evidence indicates that fl owering and fructifi cation processes in Arabidopsis are not fully identical to those of other plant species ( Quinet et al. 2006 , Carrari et al. 2007 ).
Genetic and Physiological Characterization of the Arlequin Insertional Mutant Reveals a Key Regulator of Reproductive Development in Tomato
Many genetic and molecular analyses carried out so far in tomato have focused on identifying the genes that affect agronomic traits, such as fl owering time, growth habit, infl orescence and fl ower architecture, and fruit development and ripening ( Adams-Phillips et al. 2004 , Fei et al. 2004 . Within this scenario, the use of mutants has afforded new insights into some of these developmental processes (see Emmanuel and Levi 2002 , Giovannoni 2007 , Samach and Lotan 2007 . The identifi cation and phenotypic characterization of a mutant not only supplies valuable information about the function of the mutated gene but can also be the prior step to cloning and functional analysis of that gene. In fact, several genes have been cloned from tomato mutants with alterations in vegetative or reproductive traits (reviewed by Lozano et al. 2009 ). More recently, regulatory genes involved in fruit developmental features (i.e. size, shape, abscission and ripening) have been isolated and characterized ( Mao et al. 2000 , Liu et al. 2002 , Galpaz et al. 2006 , Manning et al. 2006 , Cong et al. 2008 , Xiao et al. 2008 .
Despite this important progress and the availability of a great number of tomato mutants, both spontaneous (e.g. the TGRC collection; http://tgrc.ucdavis.edu ) and chemically induced, most of the tomato genes regulating plant development remain to be isolated. The main cause is derived in that, unless obvious candidate genes have previously been identifi ed, the use of a positional cloning-based strategy involves time-consuming and laborious work. For this reason, the identifi cation and characterization of insertional mutants generated by T-DNA or transposons is a more effi cient approach that expedites posterior cloning of the tagged gene ( Krysan et al. 1999 .
T-DNA tagging has been successfully used not only on model species like Arabidopsis ( Krysan et al. 1999 , Sessions et al. 2002 , Alonso et al. 2003 , Li et al. 2003 and Medicago truncatula ( Scholte et al. 2002 ) , but also in species of agricultural interest, like rice ( Jeong et al. 2002 , Zhang et al. 2007 ). In tomato, insertional mutagenesis approaches have mainly been based on the use of transposons using the Ac / Ds system ( Cf-9 , Jones et al. 1994 ; Dwarf , Bishop et al. 1996 ; DCL , Keddie et al. 1996 ; FEEBLY , Van der Biezen et al. 1996 ; Cf-4 , Takken et al. 1998 , Tm-2 2 , Lanfermeijer et al. 2003 LeCER6 , Vogg et al. 2004 ; LePT4 , Nagy et al. 2005 ; TAP3 , De Martino et al. 2006 ) . Likewise, the analysis of an activation-tagging mutant collection made the cloning of the ANT1 gene feasible ( Mathews et al. 2003 ) .
We have generated a large collection of tomato T-DNA insertional mutants by using different binary vectors. One of these mutants, called Arlequin ( Alq ), was affected in sepal development since its most striking phenotype alteration was the conversion of sepals into fruit-like organs which ripened as normal tomato fruits. This work describes the results on the genetic, phenotypic and physiological characterization of the tomato Alq mutant and discusses the possible role of the tagged gene in tomato fruit development and ripening.
Results

Isolation and inheritance of the Arlequin mutation
The Arlequin mutant ( Alq ) was selected after evaluating a sample of T-DNA lines (T0 plants) generated by Agrobacteriummediated transformation of tomato cotyledon explants (cv. SLDG2). The most remarkable trait of Alq plants, which was visible after fl ower anthesis, was the development of larger and heavier succulent sepals whose morphological features resembled fruit pericarp ( Fig. 1 ) . Flow cytometry studies demonstrated the diploid nature of the original mutant genotype (Supplementary Fig. S1 ). Progenies (T1 and T2) from the Alq mutant (T0) were obtained and their seeds used in further experiments. Inheritance of the mutation was fi rst studied by growing 54 T1 plants, of which 14 showed a more extreme mutant phenotype (with succulent sepals turning red), 30 displayed the same mutant phenotype as observed in the original T0 plant and 10 were wild type (WT) ( Fig. 1D ). The segregation observed was consistent with a monogenic and semi-dominant inheritance pattern of the Alq phenotype (proportion 1:2:1, χ 2 = 1.26; 0.75 > P > 0.50). This was further confi rmed not only in additional T1 samples but also by evaluating T2 offspring of putative T1 homozygous plants (all descendants with fl eshy red sepals), hemizygous plants (segregating 1:2:1) and azygous plants (all WT descendants). Southern blot analysis showed that the original mutant genotype carries a single T-DNA insertion ( Supplementary Fig. S2 ), which was consistent with the results from the genetic analysis. Co-segregation of the mutant phenotype with kanamycin resistance conferred by the nptII marker gene was confi rmed by sowing seeds in a basal medium supplemented with 100 mg l − 1 kanamycin. As expected T1 progeny segregated 3(resistant):1(sensitive) while phenotype segregation of T2 offspring fi tted with the expected results according to each T1 genotype. Together, these results led us to conclude that Arlequin is an insertional mutant whose phenotype is caused by a single T-DNA insertion.
Flower development of the Arlequin mutant
The fl ower development of the Alq mutant was analyzed at different developmental stages (see Materials and Methods). Developmental alterations in fl owers of Alq homozygous plants were apparent from fl oral bud stages ( Fig. 1A, B ) and mainly affected the fi rst whorl. Alq sepals were shorter than WT ones ( Supplementary Fig. S3 ), violet in color at the distal part (distinguishable from the green color of WT sepals) and showed a higher density of long trichomes at the abaxial surface ( Fig. 1A, B ) . In fl oral bud stages Alq sepals appeared almost completely fused ( Fig. 2A, B ) . Later, the apical zone grew faster and sepals remained laterally fused at the basal (proximal) half of mature fl owers. Interestingly, organ fusion affecting sepals was never observed in tomato plants lacking the Alq mutant allele (either WT or azygous Alq plants). In addition to these phenotypic changes in the fi rst whorl, at anthesis, petals of Alq fl owers were darker and slightly thicker ( Fig. 1C , Supplementary Fig. S4 ) and stamens were slightly shorter and also showed a more intense pigmentation but produced fertile pollen. As for the fourth whorl, we did not detect any change in carpel number, internal structure or ovary shape in Alq fl owers with respect to their WT counterparts (Supplementary Fig. S4) .
A detailed analysis performed by scanning electron microscopy (SEM) revealed homeotic alterations affecting organ identity of the fi rst whorl of Alq fl owers, most of which were fi rst observed at FB2 and pre-anthesis stages, although were more clearly visible at later stages of fl ower development. So, at anthesis, the lateral fusion and the almost complete absence of stomata and hairs at the proximal and central zones of the adaxial surface were distinctive features of Alq sepals ( Fig. 2A, B ) . These features were also shared by the carpels of WT tomato fl owers. At distal positions, the density of large non-glandular hairs with a foot cell increased in the adaxial surface of Alq sepals at the time the number of stomata decreased compared with WT sepals ( Fig. 2C, D ) . Furthermore, epidermal cells observed at distal positions of Alq sepals showed a rectangular shape and layered disposition, which signifi cantly differed from the irregular morphology and random location of WT sepal cells ( Fig. 2C, D ) . Interestingly, these features were also observed in the fourth whorl organ of WT and Alq fl owers, specifi cally at the adaxial distal zone of the style ( Fig. 2E ). At the basal region of the adaxial surface, the presence of hairs and stomata as well as the irregular morphology of epidermal cells in WT sepals were not observed in Alq sepals ( Fig. 2F, G ) . Instead, epidermal cells of Alq sepals acquired morphological features similar to those observed in WT carpels ( Fig. 2G, H ) . Such similarities of cell identity between Alq sepals and WT carpels became more apparent 4 weeks after anthesis, which is when tomato fruits have reached about 1 cm diameter ( Fig. 2J, K ). At this developmental stage, not only the lack of hairs and stomata but also the regular shape and arranged disposition of epidermal cells conferred on Alq sepals features that are characteristic of WT carpels. SEM analysis of WT immature fruits and Alq sepals performed 4 weeks after anthesis indicated that the size of the epidermal cells may not coincide due to the asynchrony in the growth of the two organs ( Fig. 2J, K ) . SEM analysis did not reveal homeotic alterations in fl oral organs of the three inner whorls, which was consistent with the results of the phenotypic analysis. The only noticeable change was a slight increase in the size of the epidermal cells of Alq stamens with respect to those forming the WT stamen surface (Supplementary Fig. S5 ). Homeotic changes occurring during Alq fl ower development were, thus, restricted to the conversion of sepals into organs with reproductive features, most of them typical of carpel identity.
Development and ripening of Arlequin sepals and fruits
The most noticeable alterations caused by Alq mutation affected fruit development and ripening since homozygous Alq plants showed complete conversion of sepals forming the calyx into fruit-like organs that grew and ripened as WT tomato fruits ( Fig. 1D ). At mature stage, transformed sepals showed the characteristic red color of tomato fruits, similar in appearance to WT pericarp tissue, and eight times more fresh weight than WT sepals ( Table 1 ) . Sepals from hemizygous Alq plants also displayed fruit features, i.e. enlarged size, succulent aspect and fi ve times greater fresh weight than WT sepals. However, they showed an intermediate ripening phenotype characterized by yellow pigmentation and smaller size than homozygous Alq plants. The Alq sepals accumulated more water than the WT ones, although this is not the only factor causing the increase in fresh weight since the dry weight was three times higher in hemizygous Alq calyx and fi ve times higher in homozygous Alq sepals ( Table 1 ) . Altogether, these results confi rmed the semi-dominant nature of the Alq mutation.
In contrast to the WT, Alq sepals were also able to accumulate glucose and fructose, as is the case with WT tomatoes. In fact, sugar levels were almost twice as high in Alq sepals as in WT fruits ( Fig. 3 ). Still more remarkable was the fact that the soluble solids content (another parameter of fruit quality) was much higher (2-fold increase in Brix) in Alq sepals than in WT fruits ( Table 2 ) . Transformed sepals of homozygous Alq plants accumulated lycopene and carotenoids at levels similar to those of normal tomato fruits ( Fig. 3 ) . Therefore, ripening of Alq sepals followed the same developmental pattern as a WT tomato fruit, being regulated, at least in part, by the climacteric production of ethylene. This ripening hormone was detected in the mature Alq sepals, at even higher levels than in WT mature fruits, whereas it is never produced by WT sepals ( Fig. 4 ) .
Histological analysis showed that cell organization of Alq sepals was similar to that of WT fruit pericarp but quite different from that of WT sepals ( Fig. 5 ). The small round cells surrounding the vascular tissue in the inner part of WT sepals were replaced by layers of swollen and lengthened cells in Alq sepals ( Fig. 5C ). Apart from the enormous increase in cell size, the shape of those cells resembled that which is characteristically observed in the WT fruit pericarp confi rming the developmental changes detected by SEM analysis. It is noteworthy that the epidermis of mature Alq sepals lost the long trichomes and developed an external cuticle, both features of ripening tomato fruits ( Fig. 5 ) . Thus, from a structural point of view the only difference between Alq sepals and ovary-derived The values are given as the mean ± SE. Means within each column followed by different letters are signifi cantly different according to the Fisher's least signifi cant difference test ( P ≤ 0.05).
fruits from both Alq and WT plants was the lack of jelly tissue surrounding the seeds in the latter. The Alq mutation also promoted changes in fruit morphology. Whereas WT fruits are rounded or slightly elongated, the fruits yielded by homozygous Alq plants showed a characteristic pointed end ( Fig. 1 ) . In order to fi nd out the origin of such an anomaly, a careful morphological analysis of fl owers and fruits was performed once they were naturally pollinated. We analyzed ovaries from early fl oral bud stages up to anthesis and we did not detect any change in the carpel number, internal structure or ovary shape in Alq fl owers with respect to those of WT (Supplementary Fig. S4 ). Nevertheless, we observed that soon after fruit setting, the style ablation of Alq fruits did not take place just at the stylar basal end as happened in WT fruits ( Fig. 6A ). Instead the abscission zone of the style was located closer to the stigma, approximately one-third of the style length above the basal end ( Fig. 6B ) . Thus, the basal zone of the style developed as part of the Alq fruit giving rise to its pointed shape ( Fig. 6C, D ) . When performing reciprocal backcrosses by hand-pollination between azygous (WT) and homozygous Alq plants, the fruits yielded by the former (using pollen from homozygous Alq plants) were indistinguishable from the WT, while the fruits developed in the latter (using WT pollen) were pointed ( Fig. 6E , Supplementary Table S1 ). Thus fruit shape was dependent on the genotype of the female parent. Instead, the fruits yielded by plants coming from seeds obtained in both reciprocal backcrosses (WT × Alq homozygous and Alq homozygous × WT) were, as expected, identical to those of hemizygous (and WT) plants. Therefore, the alteration in fruit morphology was an exclusive trait of homozygous Alq plants due to a change in the style abscission zone.
It is interesting to point out that the developmental and ripening processes affecting Alq sepals seemed to occur independently of those of ovary-derived fruit. Thus, mature red calyx without fruit setting, as well as transformed sepals and fruits at different stages of ripening (e.g. mature red sepals and green fruit or vice versa) were observed in Alq tomato plants (Supplementary Figure S6) .
Finally, the Alq mutation only affected the reproductive development of the tomato plants. In fact, vegetative developmental patterns leading to leaf development, sympodial growth The values are given as the mean ± SD. Means within each column followed by different letters are signifi cantly different according to the Fisher's least signifi cant difference test ( P ≤ 0.05). Table S2 ). On the other hand, phenotype effects promoted by Alq mutation were not dependent on the environmental conditions. The characteristic phenotype of Alq plants never underwent changes during the numerous trials performed over a 3-year period in two different environmental settings.
Effect of Alq mutation in different genetic backgrounds
To check the stability of the Alq phenotype above described in the cv. SLDC2, we characterized the effect of the insertional mutation at the Alq locus in other genetic backgrounds, i.e. cv. Moneymaker and p73. For such a purpose, we obtained F1 and F2 offspring from the crosses between the Alq mutant and each background genotype. As expected, the Alq phenotype also showed a Mendelian inheritance when introgressed in other genetic backgrounds. The same Alq phenotype was seen in the F1 plants, i.e. more succulent and with yellow sepals, likewise bigger and red sepals that ripened like normal fruits were observed in homozygous (F2) plants. Interestingly, fruits from homozygous plants were also pointed in both genetic backgrounds (Supplementary Fig. S7 ).
Expression analysis of plausible genes involved in the Alq phenotype
Given that the Arlequin mutation altered fl ower development and fruit ripening, the expression of candidate genes involved in both developmental processes were analysed using real time quantitative PCR (RT-qPCR). To do this sepals adhered to the fruits and pericarp tissue of tomato fruits at four developmental stages (immature green, mature green, breaker and red) were chosen for comparative analysis between WT and Alq plants ( Fig. 7 ) . First, expression analysis of fl oral organ identity genes belonging to the A, B and C functional classes did not reveal signifi cant differences. The expression level of MACROCALIX ( MC ), a tomato A-class MADS-box gene responsible for sepal identity ( Vrebalov et al. 2002 ) , and Le-DEFICIENS ( Le-DEF ), a B-class MADS-box gene required for the development of petals and stamens ( Kramer et al. 1998 ) were not altered in Alq sepals (data not shown). Similar to Alq fl owers, sepals of transgenic tomato plants overexpressing TAG1 , a C-class MADS-box gene that specifi es the identity of stamens and carpels of tomato fl owers ( Pnueli et al. 1994 ) , showed an early conversion into carpels that later turned fl eshy and acquired the typical succulent texture of pericarp. However, TAG1 transcripts were accumulated at similar levels in WT and Alq mutant plants, either sepals or fruits being the organ analyzed ( Fig. 7A ) . These results indicate that MADS-box genes which determine sepal and carpel identity, MC and TAG1 , respectively, were not responsible for the Alq mutant phenotype.
On the other hand, the expression pattern of the JOINTLESS gene ( JNT ; Mao et al. 2000 ) was also analyzed because, contrary to the WT tomato plants, Alq mutant plants showed a jointless phenotype, i.e. they lacked the abscission zone in fl owers and fruits. Interestingly, the expression of JNT was inhibited in Alq sepals in which its transcript levels were as low as those detected in either ripe WT or Alq fruits ( Fig. 7B ) .
The phenotype of Alq plants suggests that the ALQ gene should be involved in the fruit ripening process. Thus, we analyzed expression profi les of regulatory genes previously described as involved in the ripening of tomato fruits, such as RIPENING INHIBITOR ( RIN ; Vrebalov et al. 2002 ) , COLORLESS NON RIPENING ( CNR ; Manning et al. 2006 ) and NEVER RIPE ( NR ; Yen et al. 1995 ) . These genes participate in an ethylenedependent pathway that regulates fruit ripening, but they are not expressed during sepal development of normal tomato fl owers. Interestingly, the expression of RIN and NR genes ( Fig. 7C, D ) , as well as CNR ( Fig. 7 E ) , was detectable in mature Alq sepals and their transcript levels were similar to those observed in WT tomato fruits.
Discussion
The Alq mutation promotes changes in cell identity determining the conversion of sepals into fruits Morphological, structural and metabolic studies of the Alq mutant have revealed that the tomato sepals have an intrinsic ability to change their developmental program, turning into fruit-like organs and that this homeotic change can come about due to alteration in a single gene. To the best of our knowledge, there are only two reports in the literature that could be considered to bear a certain resemblance to the phenotype observed in the Arlequin mutant. The most recent refers to the overexpression of a peach ( Prunus persica ) gene, named PpPLENA , in tomato transgenic plants ( Tadiello et al. 2009 ), which promoted the development of fl eshy sepals undergoing a change of color on fruit ripening. Previously, a similar result was obtained by overexpressing a C-class homeotic gene ( TAG1 ) involved in carpel (and stamen) development ( Pnueli et al. 1994 ). The TAG1 gene was isolated from a tomato cDNA library although no tomato mutants altered in this gene have been identifi ed yet. The overexpression of TAG1 promoted the development of carpel-like organs, also called pericarpic leaves, instead of sepals in the fi rst whorl, as well as the replacement of petals by sterile stamens. Although pericarpic leaves ripen similarly to Alq sepals, the TAG1 overexpression phenotype differs from that observed in Alq plants in the following ways: (i) we did not detect homeotic changes affecting petals, but just a change in color; (ii) Alq fl owers developed normal and fertile stamens; and (iii) homeotic transformation of Alq sepals began at an earlier developmental stage. Despite these differences, we checked whether TAG1 might be the candidate gene to be tagged in the Alq tomato mutant by means of a Southern hybridization analysis, performed with a TAG1 -specifi c probe; however, analyses revealed the absence of insertional events in the genomic regions surrounding the TAG1 locus. Additionally, a comparative analysis of the TAG1 coding sequence failed to detect any nucleotide variation between Alq and WT plants. These results, together the similar TAG1 expression level observed in Alq and WT reproductive organs, confi rm that TAG1 does not correspond to the gene tagged by the T-DNA insertion responsible for the Alq mutant phenotype.
The degree of the succulence and ripening processes promoted by overexpressing TAG1 and PpPLENA genes are far from those observed in the Alq mutant. Moreover, in both cases it remains unclear whether morphological changes are accompanied by metabolic activities determining one of the most characteristic features of a fruit from a physiological viewpoint, i.e. its ability to turn into a sink ( Gillaspy et al. 1993 , Ho 1996 . By contrast, that is what actually happens in the Alq mutant, as changes in cellular identity in both early and late developmental stages (e.g. at anthesis the epidermal cells of Alq sepals display traits characteristic of carpel cells and, later on, the internal cells of the swollen sepals are indistinguishable in shape and size from those of the fruit pericarp) are accompanied by in-depth metabolic alterations, all of which are characteristics of a tomato fruit. So, increased water absorption, accumulation of dry matter, high soluble solid content and saccharolytic activity, with the subsequent accumulation of glucose and fructose, show that the mutant's sepals turn into organs that can act as a sink, as occurs with true tomato fruits. Interestingly, the conversion of sepals into fruit-like organs is not always synchronized with fruit development and that process can even occur in the absence of fruit setting, indicating that the Alq calyx can compete and act as an independent and alternative sink to the true fruit.
The Alq mutation alters fruit and style abscission zone functioning
Alq homozygous plants lack the abscission zone which normally develops in the pedicel of tomato fl owers facilitating later fruit detachment. In tomato, the JOINTLESS function is necessary for fruit abscission to take place normally, something that does not happen in the jointless mutant ( Mao et al. 2000 ) or in homozygous Alq plants. This feature is in accordance with the suppression of JOINTLESS in Alq sepals, suggesting that ALQ regulates JNT activity during sepal development.
Another developmental alteration observed in Alq fl owers lies in the ablation of the style. Whether this feature is related to the alteration in the fruit abscission zone remains unknown given the complexity of the processes leading to the abscission of different plant organs ( Taylor and Whitelaw 2001 ) . Irrespective of the possible link between the two facts, the change in the style ablation zone promotes a change in fruit shape. Although little is known about the molecular bases that control fruit shape in the tomato, recent progress has been made in studies performed with fruit-shaped mutants, e.g. ovate ( Liu et al. 2002 ) , fasciated ( Cong et al. 2008 ) and sun ( Xiao et al. 2008 ) . From an ontogenic point of view, changes in fruit shape in these and other mutants have been correlated with changes in ovary shape or number of carpels ( Ku et al. 2001 , Tanksley 2004 . In homozygous Alq plants, we did not detect any of these changes. However, upon fruit set the abscission zone of the style, normally located at the basal position of this organ, was found one-third above its usual position. Consequently, carpel growth includes the remaining style tissue, explaining the pointed fruit shape at an ontogenic level. Further studies will reveal whether this mechanism also operates in other tomato mutants and cultivars with heart-shaped fruits.
Similarities between ripening in Alq sepals and WT fruits
Once a fully developed tomato fruit has been formed, respiration and ethylene synthesis increase signifi cantly to facilitate ripening. As a result, biochemical and physiological changes affecting color, texture, fl avor and aroma become visible from the onset of ripening ( Gillaspy et al. 1993 , Giovannoni 2004 ). Sepals of both hemizygous and homozygous Alq plants experience similar succulence processes, while the ripening is a gene dose-dependent process exclusive to the latter. Identical color in both sepals and fruits of Alq homozygous plants is explained by synthesis of lycopene and other carotenoid pigments at a level similar to that of WT fruits. Moreover, as happens in tomato fruits, metabolic changes affecting mature Alq sepals seem to be regulated by ethylene. In fact, climacteric ethylene production occurred normally in transformed sepals of Alq plants, although it has never been observed in normal sepals. In accordance with features of mature Alq sepals, expression analyses of ripening genes such as RIN , NOR and CNR revealed that transcripts of these key regulators ( Manning et al. 2006 , Giovannoni 2007 accumulate at similar levels during the ripening of WT fruits and Alq sepals. These results not only reveal a transcriptional activity required for Alq sepal ripening, but also that this physiological process is regulated by the same genetic and hormonal factors as those operating in WT tomato fruits.
The Arlequin mutant as a model for studies into fruit developmental processes
A deeper understanding of how Alq sepals set a fruit in the absence of pollination, acquire all the characteristics of a sink and ripen like a normal fruit could shed light on numerous fruit developmental processes. For example, by studying the cascade of events triggered by the alteration in the function of the tagged gene in both ovary-and sepal-derived fruits we could gain a better understanding of the processes related to climacteric fruit ripening. Moreover, by comparing the development of an organ destined to become a fruit (the ovary) and another which is not (the sepal) in the same plant, we could learn which signals trigger the acquisition of sink capacity and the main factors determining sink strength, a primary target to increasing productivity in plants of agronomic interest ( Van Camp 2005 ) . Moreover, sepal-derived fruits of Alq mutant display much better quality parameters than those of WT plants. Apart from the higher sugar content, the most outstanding characteristic is the huge increase in soluble solids content, an interesting feature for fresh tomato varieties but still more relevant in cultivars for industrial processing. This may be partially due to the lack of jelly tissue surrounding the seeds in a normal fruit, but this is not the only reason as the ovary-derived fruits of the Alq mutant also exhibit higher quality parameters than those of WT. Therefore, it is foreseeable that transcriptomic and metabolomic approaches could provide new insights into the molecular and physiological determinants underlying fi nal fruit quality in tomatoes.
Finally, the Alq mutant would also be valuable in studies related to the onset of normal and parthenocarpic fruit set. In normal fruit development, the initiation of fruit set depends on successful pollination and fertilization ( Gillaspy et al. 1993 ) , while fruit set in parthenocarpic mutants occurs in the absence of pollination. Studies of these mutants as well as research into artifi cial hormone-induced fruit set have shed light on the hormonal control of this process (reviewed by De Jong et al. 2009 ). Omic approaches have provided further information on the complex network regulating this process ( Vriezen et al. 2008 , Wang et al. 2009 ). Pollination-dependent and -independent tomato fruit set has usually been studied by comparing the behaviour of normal and parthenocarpic varieties. However, as the number of seeds per fruit is genotype dependent in the former ( Sedgley and Griffi n 1989 ) and there are different degrees and mechanisms responsible for seedless fruit production in the latter ( Varoquaux et al. 2000 ) , it is not easy to establish comparisons between the two developmental processes. To this purpose it would be convenient to use isogenic lines yielding either normal or seedless fruits; however, this is not always possible as the origin of a parthenocarpic mutant is often unclear. This drawback can be avoided by comparing, in the same genetic background, normal and parthenocarpic fruit set, the latter induced through transgenesis (see Wang et al. 2009 ). An alternative approach would involve exploiting the ability of Alq plants to yield normal and seedless fruits from different fl oral organs, with or without cells of gametophytic origin (carpels and sepals, respectively). This system would provide the opportunity to study fruit set processes mediated by signals from immature seeds or completely independent of such signals in the same plant.
Materials and Methods
Isolation and genetic analysis of the Arlequin mutant
More than 2000 T-DNA lines were generated in tomato ( Solanum lycopersicum L.), of which 104 were obtained in the cultivar cv. SLDG2 by using Agrobacterium strain LB4404 containing the binary vector pVDH303 (kindly supplied by Van Der Haave). Genetic transformation was performed in cotyledons from 12-day-old tomato seedlings following the protocols described by Ellul et al. (2003) . The Arlequin ( Alq ) mutant was selected for its characteristic phenotype (high weight, large size, succulent sepals) from among these lines. Flow cytometry was used to determine the ploidy level of the original mutant (T0 plant). After fl uorescent 4,6-diamino-2-phenyl-indole (DAPI) staining of isolated nuclei from leaves, the DNA content was measured using a Partec PAS-II fl ow cytometer (Partec, Munster, Germany). For calibration, the 2C peak of nuclei of young leaves from diploid tomato seedlings of the original cultivar (SLDG2) was used. The offspring (T1 progeny) from the original Alq mutant was obtained by selfi ng. Homozygous and azygous lines were identifi ed in T2 progenies. Hemizygous lines were obtained by sexual crossing of homozygous and azygous plants. Co-segregation of the mutant phenotype with kanamycin resistance conferred by the nptII marker gene was checked by sowing seeds of T1 and T2 progenies in Murashige and Skoog salts ( Murashige and Skoog 1962 ) , sucrose (10 g l − 1 ) and kanamycin (100 mg l − 1 ).
Phenotypical characterization of the Arlequin mutant
Seeds from the T1 segregating progeny, Alq homozygous, hemizygous and azygous lines, as well as from the original SLDG2 line, were sown in plastic pots fi lled with a sphagnum peat/vermiculite substrate mixture (3:1, v/v) and germinated under dark conditions at 25 ° C for 8-10 d. After germination, plants were grown under controlled greenhouse conditions. During the autumn-winter period, the greenhouse was heated to reach temperatures of 26 ° C day/18 ° C night and extra lighting was provided by wide-spectrum tubes (450 µmol s − 1 m − 2 ; Gro-lux, Sylvania, Germany) to expose plants to a 16 h day length. During the spring-summer period, plants were grown under natural photoperiod conditions. A thorough phenotypical characterization of both vegetative and reproductive traits was performed. For phenotypic analyses fl ower buds (FBs) and fl owers belonging to nine developmental stages were collected as: FB1 (0.5 cm length), FB2 (1 cm length), pre-anthesis (2 d before anthesis), anthesis, and 2, 7, 14, 21 and 28 days post-anthesis (DPA). Fresh and dry weight, as well as water content of sepals, was determined. The length, diameter and seed number per fruit were also scored. In order to check if the Alq mutation affected vegetative traits or plant architecture, parameters related to leaf size and shape, number of phytomers of the initial segment (before the fi rst infl orescence), number of phytomers of the successive sympodial segments (up to seventh infl orescence) and the average length of every phytomer were estimated. In all greenhouse trials, 15-20 plants of each genotype (i.e. WT background, homozygous, hemizygous and azygous Alq plants) were used.
Histological analyses and SEM
For histological analyses, sepal and pericarp of the fruit from WT and Alq homozygous and hemizygous plants were used.
Transverse freehand sections were stained with toluidine blue, viewed on a stereomicroscope (MZFLIII; Leica) and photographed. SEM studies were performed in different fl oral developmental stages of WT and Alq mutant plants, corresponding to FB1, 2 d before anthesis ( − 2), anthesis (0) and 2, 4, 7, 14 and 21 DPA ( + 2, + 4, + 7 + 14 and + 21 DPA, respectively). In all cases fl owers were fi xed in 3.7 % formaldehyde/5 % acetic acid/50 % pure ethanol/0.5 % glutaraldehyde (FAEG) and stored in 70 % ethanol. The samples were dehydrated in a graded ethanol series, critical-point drying was done using liquid CO 2 in a critical-point drier Bal Tec CPD 030 and 15 nm gold coated on aluminium stubs in a Sputter Coater Bal-Tec SCD 005. The samples were visualized with a Hitachi S-3500N scanning electron microscope at 10 kV.
Ethylene production
Four fruits from each genotype were weighed and placed in 2.6-liter containers hermetically sealed with rubber stopper. After 2 h, 1 ml of holder atmosphere was withdrawn with a gas syringe. Ethylene was determined by gas chromatography (Varian 3900) using a Porapak Q column (80/100 mesh, 2 m long, 3.2 mm i.d.) and a fl ame ionization detector. The detector and injector were operated at 200 ° C and 170 ° C, respectively, and oven temperature was 50 ° C. The fl ow rates of nitrogen (carrier gas), hydrogen and air were 32, 26 and 400 ml m − 1 , respectively. Three independent experiments and three replicates of each experiment were performed.
Pigment measurements
Total carotenoid content of the pericarp tissue was measured as previously described by Soto-Zamora et al. (2005) . Fresh tomato tissue samples (3 g) were homogenized for 1 min with 10 ml of hexane:acetone:ethanol:toluene (10:7:6:7 by vol.), then 1 ml of methanolic 1 M KOH was added, the mixture was ground again and held for 16 h. The mixture was homogenized once again with 10 ml of hexane for 1 min. Then 10 ml of 10 g kg − 1 Na 2 SO 4 was added, the mixture was stirred for 1 min and was then held for 1 h. The upper phase was removed and the absorbance was determined in the spectrophotometer at 470 nm.
Lycopene content of pericarp tissue was measured as described by Ronen et al. (1999) with some modifi cations. The tissue (1.0 g) was ground with 2 ml of acetone, after which 2 ml of dichloromethane were added and the samples were agitated until all pigments were transferred to the supernatant, which was then fi ltered. Four millilitres of ether and 0.4 ml of 12 % w/v NaCl/H 2 O were added and the mixture was shaken gently until all pigment was transferred to the upper (ether) phase. The ether was collected, dried under a stream of N 2 and stored at − 20 ° C until required for analysis. Lycopene was separated by reverse-phase HPLC using a Delta-Pack column (C18, 5 µm, 3.9 mm × 150 mm). Samples of 50 µl of methanoldissolved pigments were injected into a Perkin-Elmer 250 binary LC pump. The mobile phase consisted of tert-butylmethyl ether (solvent A) and methanol (solvent B), which were used in a linear gradient between A and B for 30 min, at a fl ow of 1 ml min − 1 . The absorbance was determined at 450 nm using a Perkin-Elmer LC290 UV-Vis detector. Peak areas were integrated by the Totalchrom chromatography software (Perkin-Elmer).
Carbohydrate measurements
Carbohydrate content was measured according to the method described by Klann et al. (1993) . Carbohydrate was extracted from 100 mg of tomato pericarp in a microfuge tube with 0.5 ml of 80 % ethanol and boiled for 20 min. Following centrifugation (6000 rpm, 5 min), the ethanol supernatant was transferred to a fresh tube. For soluble sugar analysis, the 80 % ethanol extract was evaporated under vacuum to dryness (SpeedVac), and the residue was dissolved in 200 µl of H 2 O. This aqueous fraction was fi ltered through a 0.45 µm fi lter (Millex-HV; Millipore) before HPLC analysis. Sugars were identifi ed and quantifi ed by chromatography on Sugar-Pack I column (300 × 6.5 mm) and detected with a refractive index detector (Waters 410). Concentrations were calculated from peak heights by comparative analysis with glucose, fructose and sucrose standards (Sigma).
Measurement of fruit and sepals Brix
Soluble solids (Brix) content of room-temperated tomato juice was measured on a digital PR-100R refractometer (Atago Co., Japan).
DNA isolation and DNA-blot hybridization
Genomic DNA was isolated from young leaves using Plant DNazol Reagent (Invitrogen) according to the manufacturer's instructions. To determine the number of T-DNA insertions existing in the Alq mutant, a DNA-blot hybridization was performed from 10 µg of genomic DNA digested by restriction enzymes Eco RI, Bam HI and Hin dIII, electrophoresed throughout 0.8 % agarose, blotted onto Hybond N + membranes (Amersham) and hybridized with a nptII radioactive probe following the protocol described by Ausubel et al. (1995) . The nptII probe is the complete coding sequence of the gene and was labeled with 32 P by random priming with the Rediprime II Random Prime Labelling System (Amersham). Nylon membranes were exposed to Hyperfi lms (Amersham).
RNA preparation and gene expression analyses
Total RNA was prepared from fl oral organs and fruit pericarp using the Trizol reagent (Invitrogen) following the manufacturer's instructions. Contaminating DNA was removed using the DNA-freeTM kit (Ambion) and the total RNA was used for cDNA synthesis using a ML-MLV reverse transcriptase (Invitrogene) and a mixture of random hexamer primers and oligo(dT) (18-mer) primer.
Specifi c primer pairs for each gene (listed in Supplementary  Table S3) were used for expression analysis by RT-PCR performed with the kit SYBR Green PCR Master Mix (Applied Biosystems) using the 7300 Real-Time PCR System (Applied Biosystems). Data collection and analysis were performed using 7300 System Sequence Detection Software v1.2 (Applied Biosystem). Results were expressed using the ∆ ∆ Ct calculation method in arbitrary units by comparison to the control (fl owers or fruits of the WT plant). The housekeeping gene Ubiquitine3 was used as a control in all gene expression analyses. The absence of genomic DNA contamination in the RT-PCR assays was demonstrated using a tomato-specifi c amplicon (intron sequence) as control.
Supplementary Data
Supplementary data are available at PCP online.
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